INTRODUCTION
Recent research efforts aimed at improving the detection of hard-alpha inclusions have emphasized the need for accurately modeling the responses from such weakly-reflecting inclusions. The need arises because of the rare natural occurrence of hard-alpha inclusions, and consequently, the lacks of suitable experimental samples. These difficulties lend impetus to the application of signal modeling to augment and extend the experimental data in assessing detectability. Currently, a new approach is being developed for the purpose of predicting timedomain echoes from inclusions of specified morphology. This work is the continuation of our previous study of flat-bottomed holes [1-2] in constructing a methodology for estimating the probability of detection of flaws in titanium alloys based on a combination of physical and statistical models.
In the following, a volumetric formulation is first derived from Auld's electromechanical reciprocity relationship under the Born approximation. A surface formulation is also derived using ad-hoc boundary conditions at the inclusion's surface. A numerical integration of the wave field over the Haw surface/volume is then utilized to obtain the ultrasonic response. Preliminary results of model calculations for the response of seeded, synthetic hard-alpha inclusions are presented and compared with experimental data.
THEORY
The ultrasonic modeling of inclusion signals utilized here is derived within the context of Auld's reciprocity formula [3] , which relates the electromagnetic measurements at the port of a piezoelectric transducer to the wavefields in the vicinity of the flaw. Following an approach similar to that of , the effects of beam propagation, material attenuation, interface transmission and transducer efficiency are taken into account. the resulting models are able to provide complete and accurate predictions of inclusion waveforms as seen on an oscillo-scope on the absolute scale. In this work, we consider two new models developed along this line, with the effort being focused by the problem of predicting the response of inclusions of cylindrical shape at normal incidence. Note that in both models the paraxial approximation is utilized which allows the propagation of both incident and scattered wave fields be described based on a beam model using Gauss-Hermite series expansions [5] .
In order to reduce the modeling complexity and hence the computation time, various approximations are often necessary to accommodate the constraints of the memory and processing capacity of the available computing platforms. In modeling weak scatterers such as unvoided hard-alpha inclusions, one good choice is the Born approximation which has been extensively studied in the literature (see for example [6] [7] ). This approximation greatly simplifies the modeling effort by replacing the otherwise unknown scattered field quantities, appearing within certain integrals, by their incident counterparts on the surface or within the volume of the flaw. In our new formulation of the first model, the Auld's surface reciprocity relationship was first converted into a volumetric form via Gauss' theorem. The paraxial approximation for beam propagation and the Born approximation for scattering were then utilized to reduce the new form to a three-dimensional volumetric integral involving the square of incident displacement field and the inclusion properties. Numerical integration was then employed to carry out the computation.
The second model is an ad-hoc surface formulation which represents a natural extension to our recent approach combining the high-frequency Kirchhoff approximation with numerical integration in a flat-bottom hole study [1] . In that approach, the Kirchhoff approximation along with other simplifications is used to simplify the integrals resulting from Auld's reciprocity relation. This simplification allows the scattered flaw response be approximated by a twodimensional numerical integration, over the flaw surface, of the square of the incident field. In present case of scattering from inclusion, the Kirchhoff assumption is replaced by ad-hoc boundary conditions on the inclusion-host interface. The resulting formulation is close to previous work, except that an additional surface integration over the inclusion back wall and a factor for time delay between front and back wall are needed. After all frequency components within the transducer bandwidth are evaluated, the time domain signal can then be obtained via fast Fourier transform. Similar to our previous model for flat-bottomed holes [1] , the "probe efficiency factor" (as shown in above equation) of the inspection system was deduced from a measured rf "reference" signal, for which backsurface echoes obtained from a fused quartz plate were normally used. This reference signal and certain geometry and material parameters, as will be described later, are the necessary inputs to either model in calculating the predictions.
